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Abstract
Water molecules often play a crucial role in biological system and their positions are
of primary concern. Our recently developed fragment three-dimensional reference
interaction site model (fragment 3D-RISM), which is a highly parallelizable method
based on the 3D-RISM theory, was applied to obtain the distribution of water
molecules in Bacteriorhodopsin. The bound water molecules in the vicinity of Shi®
base were correctly reproduced at a reasonable computational time.
1 Introduction
The information of hydration structure is very fundamental in biosystem [1].
Hydrogen bondings between waters and protein a®ect protein structure and
activity of enzyme. The information is also very useful in drag design since
the position of waters in the vicinity of the activity site has great in°uence on
the stabilization of the drug-protein interaction [2; 3] .
The waters in biosystem can be classi¯ed into \surface" or \bound", accord-
ing to whether they are surrounded by other water molecules or protein [?
? ] For example, it is well known that hydrogen bonded water molecules
play a key role in Bacteriorhodopsin (bR), which is a light-driven proton
pump in Halobacterium salinarum. To reveal the mechanism of the pump, a
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huge number of approaches including X-ray crystallography [5], resonance Ra-
man [6] and Fourier transform infrared spectroscopy [7] have been performed.
These experimental approaches have elucidated that the hydrogen-bonding
networks of these water molecules providing the proton pathway in the pump
[7]. Theoretical approaches to study the mechanism have been also performed
[8; 9; 10; 11; 12; 13; 14]. In most of the studies, the mechanism of bR function
was focused and the initial positions of bound waters inside protein were taken
from experimental data.
The theoretical prediction of the water distribution is still very limited. It is ex-
tremely di±cult task for the molecular simulation such as molecular dynamics
to compute the distribution because it is necessary to sample the interaction
between the protein and water molecules on the extensive free energy hy-
persurface. It has been shown that an integral equation theory for molecular
liquids, three-dimensional reference interaction site model (3D-RISM) [15; 16],
is a powerful tool to study the distribution of bound and surface waters and
numerous applications have been carried out [17; 18; 19; 20; 21]. We have re-
cently developed a new approach based on 3D-RISM, in which the equations
are elaborated so that the high parallel performance can be achieved (fragment
3D-RISM) [22]. Similar to the original 3D-RISM, our method evaluates the 3D
solvation structure but the required computational time can be compressed.
Although the present theory is regarded as an approximation of 3D-RISM,
the obtained distribution function is virtually the same as that by the original
method [22]. Furthermore, the new theory is practically free from the grid size
since the distribution functions are computed by the expansion around the in-
dividual solute site. Actually the functions are described in higher-resolution
than the original one.
In the present work, we applied the fragment 3D-RISM to computations of the
waters' position in bR and compared with those obtained by X-ray crystallog-
raphy as well as by previous simulations. After brief description of the method,
details of the calculation are explained in section III. The bound waters are
discussed in section IV.
2 Method
3D correlation functions of a solvent site ®, H® and C® are expressed with
reference and residual correlation functions, as follows:
H®(r)=H
ref
® (r) + ¢H®(r); (1)
C®(r)=C
ref
® (r) + ¢C®(r): (2)
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For the reference correlation functions, Href® and C
ref
® , 1D correlation functions
are employed [22]. The residual functions, ¢H and ¢C, are 3D functions and













where w¯(r) is the weight function for solute atomic site ¯ at the position r.
In this work, ¢H(¯)® and ¢C
(¯)














where r^¯ is a unit vector with its origin at atom ¯. The component of residual
total correlation function can be approximated by the following equation in















To solve Eqs. (5), (6) and (7), we elaborated the following Kovalenko-Hirata




® (r°))¡ 1¡Href® (r°) for Â(°)® (r°) · 0















where kB is Boltzmann's factor. u®(r°) is the intermolecular potential function
between solute and the solvent site ®, which is evaluated on the grid points
around solute site °. Whilst the hypernetted chain (HNC) approximation is
a theoretically well-established closure, using KH-type closure was essential
in this study because of its numerical stability. It is known that KH closure
sometimes greatly underestimates the site-site correlation functions, but we
believe that the discussion in the present work is not considerably a®ected by
the choice of closure equations.
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The °ow chart of the present method is shown in Scheme 1.
3 Computational details
The reference correlation functions were calculated by 1D RISM/KH proce-
dure [24; 25]. Using the converged 1D direct correlation function, the reference
correlation functions Href® and C
ref
® were evaluated. The residual correlation
functions were then calculated by Eqs. (5), (6) and (7), coupled with Eq. (8).
In this approach, the calculation was performed on logarithmic grid for radial
part and the Lebedev grid [26] for angular part. With the grid set, the convo-
lution integral in Eq. (7) can be calculated by spherical Bessel transformation
[27]. To reduce the computational cost per one CPU, calculation was paral-
lelized with MPICH2 [28]. The solvation structure was evaluated with Eqs.
(1) and (3) from the obtained residual correlation functions. For visualization
of 3D solvation structure, VMD software [29] was used.
4 Results and Discussion
The geometry of bR was taken from the PDB data (PDBID: 1c3w) [5] and
OPLS parameters [30] were employed. All the water molecules inside the pro-
tein in PDB data were removed before the computation. SPC-like model of
water was employed [31] with a correction concerning the Lennard-Jones pa-
rameters of the hydrogen sites (¾=1.0ºA, ²=0.056 kcal mol¡1). bR is a large
molecule and the number of the solute sites is 2221 for the parameter set.
However, the required memory size of the present method was about only 850
MB per one CPU, meaning the allowance to perform the computation even
with PC cluster. It is noted bR is in the cell membranes in reality, but they
are ignored in the the present computation. We believe that the surrounding
water or membranes have no e®ect on the water molecules inside the protein.
bR contains all-trans retinal, which binds covalently to Lys216 through a pro-
tonated Schi® base linkage. The distribution of waters around retinal cal-
culated by the present method and the water molecules obtained by X-ray
di®raction data [5] are shown in Fig. 1. Except for Lys216 and retinal, bR is
represented by ribbon for the sake of viewability. The scattered green (white)
areas shown in the ¯gure indicate where the distribution function of water
oxygen (hydrogen) site is greater than the threshold value, 3.2. The bound
waters determined by X-ray crystallography are represented by red spheres.
Several positions of the comparatively-large area coincide with the experimen-
tal data, suggesting that the water distribution is correctly reproduced by the
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present method. The distribution of waters are not continuous and intermit-
ted by residues. In the case of aquaporins, the bound waters are continuously
distributed through out the channel [32]. This may be the large di®erence
between a pump and a channel.
Let us look at closely the regions A and B, which are enclosed with dashed
lines. Fig. 2 focuses the water distribution in regionA, around Schi® base. The
scattered green areas shown in the ¯gure indicate where the distribution func-
tion of water oxygen site is greater than the threshold value, 3.2. To display the
strength of hydrogen bondings clearly, distributions of water hydrogen greater
than 2.2, 3.2, and 4.2 are respectively shown in Figs. 2(a), 2(b), and 2(c).
The positions of bound waters obtained by X-ray di®raction are also shown
with dashed line,Wa,Wb andWc [5]. Conspicuous localized distributions of
oxygen and hydrogen are found surrounded by LYS216, ASP85 and ASP212,
which coincides with the result obtained by X-ray crystallography. Shibata
et al. proposed that waters Wa and Wb strongly bind with oxygen site of
ASP85, and water Wc strongly binds with ASP212 from the FTIR studies
[33; 34]. These strong hydrogen bondings are found in Fig. 2(c). The broad
distributions in Figs. 2(a) and 2(b) indicate the °uctuation of waters because
the present calculation was performed at the condition of room temperature.
The schematic picture of the bound waters drawn from these ¯gures is illus-
trated in Fig. 2(d). The thick and thin dotted lines show the strong and weak
hydrogen bondings, respectively, which is in good agreement with the network
reported by Shibata et al. In the neighborhood of ARG82, the distribution of
oxygen site is found (Wd) but no hydrogen site can be seen, at least, with
the threshold, 4.2. This means the water Wd is captured by the residue but
its orientation is relatively free compared to aforementioned water molecules,
Wa, Wb, and Wc.
Fig. 3(a) shows the distributions of water oxygen (green) and water hydro-
gen (white) sites in region B, upside the retinal. There are two main di®use
solvation structures (distributions I and II). By X-ray crystallography, We
and Wf are detected in I and II, respectively. We in the distribution I links
ALA215 (in helix G) and TRP182. Schulten et al. reported another water
molecule in the vicinity of We (see Fig. 1 in their work [11]), although no
water molecule is reported in the X-ray crystallography except for We [5].
Fig. 3(a) shows that there are interaction between water and THR178 (thick
dotted line), which may correspond to the water reported by Schulten et al.
[11]. Another main distribution (II) is continued from LYS216 to ASP96 and
THR46 in the vicinity of the helix G backbone, which is distorted from stan-
dard ®-helical conformation [5]. The waterWf binds with the carbonyl group
of LYS216. Humphrey et al. proposed other two bound waters in this area
[10]. The broad green and white distributions correspond to these waters. The
hydrogen bonding network of these waters may be understood as depicted in
Fig. 3(b).
5
Both of I and II make hydrogen bonding network from the Retinal to ASP96
and to THR46, which is consistent with the previous works' conclusions [5;
10; 11; 14].
5 Concluding Remarks
Fragment 3D-RISM was applied to the calculation of the distribution of bound
waters in Bacteriorhodopsin. The computed distributions show good agree-
ment with those by X-ray di®raction experiment. The method is highly paral-
lelizable and can su±ciently reduce the required computational cost and time
while adequate distribution of water molecules are obtained.
In the neighborhood of the Schi® base, several water molecules captured by
residues were found. ASP85 and ASP212 obviously accept hydrogen bonding
from neighbor waters because the direction of oxygen-hydrogen bond in water
can be discriminated from the distribution. On the other hand, the water near
ARG82 is also captured by the residue but rather freely oriented. Near the
G-helix backbone to ASP96, two largely continuous distributions were seen.
They are consistent with the bound water molecules reported in molecular
simulation study.
The fragment 3D-RISM method is highly e±cient with capability to predict
the solvation structure concerning su±ciently large bio-molecules.
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Figure captions
² Fig. 1: 3D distribution of waters inside bR. The green (white) regions cor-
respond to the area where the distribution function of water oxygen (hy-
drogen) site is larger than 3.2. The bound waters detemined by X-ray crys-
tallography are represented by red spheres.
² Fig. 2: 3D solvation structure of water oxygen (green) and hydrogen (white)
in A. The positions of bound waters determined by X-ray crystallography
are shown with dashed line. The white surface show the areas where the
distribution of water hydrogen is larger than (a) 2.2, (b) 3.2 and (c) 4.2. In
these panels, distribution of water oxygen larger than 3.2 is shown. In panel
(c), possible hydrogen bondings are depicted with dashed line. Schematic
drawing of this area is shown in (d).
² Fig. 3: (a) 3D solvation structure of water oxygen (green) and hydrogen
(white) in B. Distributions of water oxygen and water hydrogen larger than
2.5 are shown. The positions of covalent-bonded hydrogen atoms are explic-
itly depicted for THR 46 and 178. (b) Schematic drawing of bound waters
proposed from panel (a).
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I. Calculation of 1D correlation functions of neat 
    solvent by RISM/KH 
II. Calculation of reference correlation functions
H   (r)
 ref
α C   (r)
 ref
α
III. Calculation of residual correlation functions
Eqs. 5, 6, 7, and 8
IV. Calculation of 3D solvation structure































































































Fig. 3b. Yokogawa et al.
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